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Abstract 
In this paper, we propose a new method for monitoring the position of marker coils. The marker coil is 
used for indicating spatial relationship between subject’s body and magnetic sensor arrays in biomagnetic 
measurements, such as magnetoencephalography (MEG) and magnetocardiography (MCG). We 
developed a real-time marker coil position monitoring system combined with a conventional MEG system. 
In order to achieve simultaneous measurement of MEG signals and marker signals, we separated their 
frequency bands. The frequency bands of flux-locked loop (FLL) circuits were separated into three parts 
by three integrators; low-band, mid-band, and high-band. The second and third bands were assigned for 
MEG signals and marker signals, respectively. This method can avoid the crosstalk of the marker signals 
to MEG signals. Marker signals were generated from five marker coils driven by five independent 
sinusoidal current generators. These signals were continuously measured by the high-band of FLL, and 
then the coils were localized by FFT processing and solving inverse problem. We succeeded in displaying 
the localized coil position on a PC monitor once per second in real-time. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
Biomagnetic measurements, such as magnetoencephalography (MEG) and magnetocardiography 
(MCG), are one of the most promising applications of superconductivity. In those applications, knowing 
the precise positions of a subject and sensors is important to localize the signal source. Generally, the 
subject is positioned using small marker coils attached to his/her body by detecting the magnetic signal 
generated by the coils and solving inverse problem [1]. The position of the coils should be monitored 
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simultaneously with the MEG or MCG measurement, because the position error increases due to 
movement of the subject during measurements. However, the positioning is usually performed before 
and/or after the biomagnetic measurements because of crosstalk from marker signals to biomagnetic 
signals. So far, the frequency of the marker coils has been the same frequency range as the biomagnetic 
signals and its amplitude is much larger than the biomagnetic signals. 
In order to realize the simultaneous measurements of the marker signals and the biomagnetic signals, 
we proposed new methods of the marker measurements; a multi integrator flux-locked loop, a higher-
frequency current driver and a real-time processing software. In this paper, we describe the prototype 
system and demonstrate the feasibility of real-time marker coil monitoring method. 
2. System configuration 
We installed a real-time marker coil monitoring system into a conventional MEG system, which we 
had developed before [2]. This MEG system is a whole-head supine mode and consists of 160 arrayed 
superconducting quantum interference devices (SQUIDs). Each SQUID magnetometer has a first-order 
axial type gradiometric pickup coil, whose position, direction and sensitivity had been calibrated before 
the experiments [3]. 
Fig.1 shows a schematic diagram of the MEG system with a real-time marker coil monitoring. We 
employed higher-frequency current driver and multi integrator flux-locked loop (FLL) circuits, in order to 
achieve simultaneous measurement of the MEG signal and the marker signals. This method can avoid the 
crosstalk from marker signals to the MEG signal. 
The current driver continuously applies five independent sinusoidal waves to five marker coils; 13.0 
kHz, 14.6 kHz, 16.4 kHz, 18.3 kHz, and 22.4 kHz. The electric circuits were carefully designed and their 
powers were supplied two batteries to reduce radio-frequency interference to SQUID sensors.  
Fig.2 shows a block diagram and frequency response of the multi integrator FLL circuit for single 
channel.  The band of the multi integrator FLL is separated into three parts; A) dc to 0.16 Hz, B) 0.16 Hz 
to 5.5 kHz, and C) 5.5 kHz to 180 kHz. The band A is used for removing extremely low-frequency 
fluctuation, like geomagnetic field. Band B and C are assigned for the biomagnetic signals and the marker 
signals, respectively. To keep enough dynamic range of each band, these bands are recorded by different 
data acquisition systems via analog-signal-processing unit (ASP) and anti-alias filter independently. In 
this paper, we selected 20 SQUID sensors located around forehead for real-time monitoring from 160 
sensors because of the cost of data acquisition instruments. The real-time marker coil monitoring system 
continuously measures the marker signals, and then the marker coils are localized by FFT processing and 
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Fig. 1. Schematic diagram of the MEG system and real-time marker coil monitoring system. 
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Fig. 2  (a) Block diagram and  (b) frequency response of multi integrator FLL circuit. 
solving the inverse problem. The localized coil positions are displayed on a PC monitor once per second 
in real-time synchronizing with a trigger signal.  
3. Demonstration of real-time monitoring 
3.1. MEG phantom 
We demonstrated the real-time marker coil monitoring using an MEG phantom instead of a human 
head. The MEG phantom is composed of 50 isosceles-triangle coils [4][5] , which is based on 
Ilmoniemi’s model [6]. The magnetic field generated from an isosceles-triangle coil is approximately 
equals to the one generated from an equivalent current dipole (ECD). Therefore, the base midpoint of the 
isosceles-triangle can be assumed to coincide with the position of the ECD. For the demonstration of real-
time monitoring, we assembled the isosceles-triangle coils and 5 small pins to set marker coils (Fig.3). 
The spatial relationship of them is mechanically fixed. Five marker coils were fastened on the pins and 
the phantom was placed in the helmet of the MEG dewar. 
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Fig. 3. Setup of the MEG phantom. (a) is a front view and (b) is a side view from the left hand side.                                            
Marker coils are set to pins M1 to M5. 
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3.2. Noise performance 
Fig.4 shows the noise spectra of the MEG system measured by the band B. In this figure, the mean 
values from all SQUID sensors were plotted. The black line and gray line were measured during the 
current driver OFF-mode and ON mode, respectively. Two curves are well overlapped. The noise level of 
SQUID-sensors did not increase due to marker signals and RF interference from the current driver. That 
means the developed current driver is compatible with MEG measurements. 
3.3. Demonstration of real-time measurement 
Real-time marker coil positioning has demonstrated using the MEG phantom. An 80 Hz sinusoidal 
burst current was applied to one of the isosceles-triangle coils during measurement. First, we measured 
the magnetic signal from the phantom for 40 s without movement (state 1), next we deliberately rotated 
the phantom in the helmet for 20 s (state 2), then we stopped the rotation for 40 s (state 3). The magnetic 
signal from the isosceles-triangle coil was recorded using the band B, and the marker signals were 
recorded and analyzed by the real-time marker coil monitoring system using the band C.
 Fig.5 shows results of the demonstration. Fig.5(a) is an waveform measured by one of the SQUID 
sensors with the band B. Fig.5(b) is localized positions of five marker coils. These positions were 
displayed on the PC monitor during measurements in real-time. Marker coil 1 and 2 were set at the 
position of left and right ear. Marker 3 was set at forehead, and Marker 4 and 5 were set at the side of the 
Marker 3. This figure proves that the phantom had rotated from the right to the left in the state 2. 
Estimated positions of Marker 1 and 2 fluctuated even in the motionless states, because these coils were 
far from selected 20 SQUID sensors. Accuracy of localization can be improved by using more sensors.  
Fig.5(c) shows results of analysis of the experiment. Upper figures are isofield contour maps of 
magnetic field generated from the isosceles-triangle coil measured with the band B, and lower figures are 
localized ECD and marker coils. State 1 and 3 are averaged data (50 times) in each motionless state. State 
2 is a single shot data at 49 s. The ECD has estimated by solving the inverse problem using the measured 
data with Sarvas’s equation [7]. The center position of the conductive sphere model in the calculation was 
defined in reference to the positions of localized marker coils. The goodness-of-fit  values  of  estimation 
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Fig. 4. Mean noise spectra of 160 SQUID sensors measured by the band B.
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Fig. 5. Results of the demonstration. (a) is measured waveform generated from the MEG phantom by one of the SQUID sensors 
with the band B. (b) shows measured marker coil positions. (c) shows results isofield contour map of measured magnetic field 
(upper) and localized ECD and marker coils. 
were over 99.5 % for state 1 and 3, 99.0 % for state 2. These results show that the ECD estimation was 
successfully performed and our real-time marker coil monitoring system is effective for moving subject. 
4. Conclusion 
We developed a real-time marker coil positioning system for SQUID-based biomagnetic 
measurements. Our system is composed of high-frequency current driver, the multi integrator FLL, and 
real-time data processing software. We succeeded in displaying the localized coil positions on PC monitor 
in MEG-phantom experiment.  The results contribute to increase robustness of MEG systems. 
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